As the end of the 19th century approached, several workers were investigating the recently discovered X-rays. One of these, Henri Becquerel, discovered that phosphorescent uranium salts released penetrating rays, distinct from X-rays, which were capable of exposing photographic plates (Becquerel, 1896b) . In a key, but somewhat fortuitous experiment, Becquerel demonstrated that the rays from the uranium salts did not require light in order to be emitted and were therefore independent of the phosphorescence (Becquerel, 1896a) . Becquerel had discovered radioactivity, although it was two years before this name was coined (by Marie Curie) and the phenonomen was initially termed "Becquerel" radiation, or "uranic" radiation. This discovery was pursued by Marie Curie who checked the radioactivity of many compounds and minerals. She demonstrated that radioactivity came particularly from uranium and thorium (Curie, 1898) . And she provided the first indication of its atomic, rather than molecular nature because natural compounds emitted radioactivity proportionally to their U or Th content, regardless of their chemical form.
One curious observation, however, was that pure U actually had a lower radioactivity than natural U compounds. To investigate this, Curie synthesised one of these compounds from pure reagents and found that the synthetic compound had a lower radioactivity than the identical natural example. This led her to believe that there was an impurity in the natural compound which was more radioactive that U (Curie, 1898) . Since she had already tested all the other elements, this impurity seemed to be a new element. In fact, it turned out to be two new elements -polonium and radium -which the Curies were successfully able to isolate from pitchblende . For radium, the presence of a new element was confirmed by the observation of new spectral lines not attributable to any other element. This caused a considerable stir and the curious new elements, together with their discoverers, achieved rapid public fame. The Curies were duly awarded the 1903 Nobel prize in Physics for studies into "radiation phenomena", along with Becquerel for his discovery of "spontaneous radioactivity". Marie Curie would, in 1911 , also be awarded the Nobel prize in chemistry for her part in the discovery of Ra and Po.
Shortly after the discovery of these new radioactive materials it was recognised that there were two different forms of radiation. All radiation caused ionisation of air so that it would conduct electricity, but only some radiation was capable of passing through material, such as the shielding paper which was placed on photographic plates to prevent them being exposed by light (Rutherford, 1899) . Rutherford named the non-penetrating form α-rays, and the penetrating form β-rays.
The discovery of two new elements started a frenetic race to find more. Actinium was soon unearthed (Debierne, 1900) and many other substances were isolated from U and Th which also seemed to be new elements. One of these was discovered somewhat fortuitously. Several workers had noticed that the radioactivity of Th salts seemed to vary randomly with time and they noticed that the variation correlated with drafts in the lab, appearing to reflect a radioactive emanation which could be blown away from the surface of the Th. This "Themanation" was not attracted by charge and appeared to be a gas -220 Rn, as it turns out, although Rutherford at first speculated that it was Th vapour. Rutherford swept some of the Th-emanation into a jar and repeatedly measured its ability to ionise air in order to assess its radioactivity. He was therefore the first to report an exponential decrease in radioactivity with time, and his 1900 paper on the subject introduced the familiar equation dN/dt = -λN, as well as the concept of half-lives (Rutherford, 1900a) . His measured half-life for the Th emanation of 60 seconds was remarkably close to our present assessment of 55.6 seconds for 220 Rn.
Rutherford also noticed that the walls of the vessels in which Th emanation was investigated became radioactive during the experiment. This "excited activity" lasted longer after the activity of the Th emanation, but itself decayed away with a half life of about 11 hours (Rutherford, 1900b) . Unwittingly, he was working down the Th decay chain and was measuring the decay of 212 Pb, the grand-daughter of the 220 Rn formed when it decayed.
At about the same time, solid substances with strong radioactivity were separated chemically from U and Th. That from U was named U-X (Crookes, 1900) and turned out to be 234 Th, while that from Th was named Th-X (Rutherford and Soddy, 1902) and was 224 Ra. Becquerel, returning to radioactivity research, noted that U, once stripped of its U-X, had a dramatically lower radioactivity and that this radioactivity seemed to return to the uranium if it was left for a sufficiently long time (Becquerel, 1901) . Rutherford and Soddy pursued this idea using the more rapidly decaying Th-X. They separated Th-X from Th and made a series of measurements that demonstrated an exact correspondence between the return of the radioactivity to the Th, and the decay of radioactivity in the Th-X. On this basis they deduced that much of the, "radioactivity of thorium is not due to thorium itself but to the presence of a non-thorium substance in minute amount which is being continuously produced". And they went on to give the first description of secular equilibrium: "The normal or constant radioactivity possessed by thorium is an equilibrium value, where the rate of increase of radioactivity due to the production of fresh active material is balanced by the rate of decay of radioactivity of that already formed" (Rutherford and Soddy, 1902 ).
In the same paper, Rutherford and Soddy also suggested that elements were undergoing "spontaneous transformation". The use of the word transformation smacked of alchemy and Rutherford was loath to use it, but by then it seemed clear that elements were really changing and that "radioactivity may therefore be considered as a manifestation of subatomic change" (Rutherford and Soddy, 1902) .
The recognition of element transformation allowed the idea of a series of elements forming sequentially from the decay of a parent element and led to the first published set of "U-series" in 1903 (Rutherford, 1903) :
By painstaking chemical separations, and careful study of the style and longevity of radioactivity from the resulting separates, these series were rapidly added to and only a year later more than 15 discrete radioactive substances were known, each with measured half lives, and all arranged into four decay series from U, Th, Ac, and Ra (Rutherford, 1904) .
Were all of these newly discovered substances also new elements? This question would not be answered for some years but there was a flurry of other major discoveries to keep the protagonists occupied. Pierre Curie discovered that radioactivity released large quantities of heat (Curie and Laborde, 1903) which appeared mysterious -as if the heat was coming from nowhere. This discovery provided an extra heat source for the Earth and reconciled the estimates of a very old Earth, based on geological estimates, with the young age calculated by Lord Kelvin from cooling rates. The year 1903 also witnessed the first demonstration that α-decay released He (Ramsay and Soddy, 1903) . The build up of He was soon put to use to date geological materials, initially by Rutherford in 1905 who calculated the first ever radiometric age of ≈500 Myr for a pitchblende sample, and then by Strutt who examined a wide variety of minerals (Strutt, 1905) . Shortly thereafter, Boltwood recognised that the Pb content of minerals increases with age and it became clear that Pb was the final product of radioactivity. Boltwood was also responsible for adding another substance to the decay series through his discovery of ionium ( 230 Th), and therefore for linking the U and Ra decay chains (Boltwood, 1907) . The discovery of 234 U, initially known as UrII, followed in 1912.
Increasingly, new attempts to use basic chemistry to separate substances from radioactive material were meeting with failure. In many cases, two substances which were known to have different radioactive properties and molecular masses simply could not be separated from one another and appeared chemically identical. By 1910, this problem led Soddy to speculate that there were different forms of the same element (Soddy, 1910) . By 1913 he was confident of this interpretation and coined the term "isotope" to describe the various types of each element, recognising that each isotope had a distinct mass and half life (Soddy, 1913b) .
In the same year he wrote that "radiothorium, ionium, thorium, U-X, and radioactinium are a group of isotopic elements, the calculated atomic masses of which vary from 228-234" (a completely accurate statement-we now call these isotopes 228 Th, 230 Th, 232 Th, 234 Th, 227 Th respectively). Soddy received the Nobel prize for chemistry in 1921 for his work on isotopes.
The various U series were by now all but complete. Branched decays were understood, and a daughter of U-X was discovered -234 Pa as it is now known, but initially named "brevium" to reflect it's short half life (Fajans and Gohring, 1913) . By 1913, a published 238 U decay series (Fajans, 1913) was remarkably close to that in use today, differing only in the absence of some of the branched decays after Ra-A ( 218 Po), and in the precise values of some of the half lives:
Working independently of one another, Fajans and Soddy also deduced the displacement rule (Soddy, 1913a) (Fajans, 1913) . Based on the chemical behaviour of the isotopes in the decay chains, and on their molecular masses, they realised that each time an element changed by emitting an α-ray, the resulting element belonged to a group in the periodic table shifted two to the left of the initial isotope. Similarly, each time an element changed by emitting a β-ray, the resulting element was shifted one group to the right. This enabled the decay series to be plotted on a figure of mass against atomic number, as shown in Figure 1 , and to look even more familiar to the modern U-series geochemist.
The fundamental work to establish the sequence of isotopes in the U and Th decay chains was therefore almost complete by 1913, only 17 years after the first discovery of radioactivity. It would be another 40 years before techniques for the routine measurement of some of these isotopes were developed (as detailed in Edwards et al., 2003) and the U-series isotopes started to see their widespread application to questions in the earth sciences. The three decay series from uranium, thorium, and actinium as published by Soddy in 1913 (Soddy, 1913b .
